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Abstract—The high molecular ireight constituents of the branched and cyclic hydrocarbon 
fraction of the Messel oil shale (Eoceno) have been examined by high resolution gas chroma­
tography and combined gas chromatogmphy-mass spectrometry. The follou-ing compounds 
are piesent: pcrhydrolycopcne (1; lycopano), together with one or more unsaturated analo^cs 
with the same skeleton; a series of 4-methylsterancs (2c) in higher abundance than their 4-
desinethyl analogues; two series of pentacyolie tritcrpones, one series (Cg^rC^,) based on tlie 
hopano structure (3a-e), and the other (Cgf-Cgg) based on the 17a'H hopane structure (3a-d, 
17x11); and an intact triterpene hop-17(21)-ene [3o, A17(21)]. Only two additional tritorpanes 
were detected in minor concentrations, viz. 30-normoretano (3b, 21x11) and a triterpana 
based on the hopane/lupane-tj-pe skeleton. The presence of these compounds suggests a 
significant microbial contribution to the forming sediment. Comparison of the tri- and tetra-
tcrpcnoid hydrocarbons with those of the Green River Shale indicates differences in the orga-
nisnut contributing to the two sediments. 

IRTRODXTCTIOR 

THE ̂ IESSEL oil shale is an orgamc-rich Eocene sediment (~ 50 x 10* yr old) located 
9 km north-cast of Darmstadt, Germany. Geological studies indicate a particularly 
uneventful history and it is apx^arent that the sediment has experienced milder 
conditions (probably no more than dO'C) than those of the xvoll-documented Green 
River Formation oil shale, U.S.A., of the same age. The shale is preserved in a 
basin 1000 m long and 700 m xride and the organic-rieh layer has not been buried 
deeper than about 200 m (ilATTHES, 1968). It was probably deposited in a series of 
shallow swampy lakes liniked by slow-moving fluvial systems; analyses of fossil 
plants and pollens (JIIATTHES, 1968; SXTTEER, 1908) indicate that a hot, damp, 
tropical climate existed at the time of deposition. In the present study the sediment 
samples analysed comprise maiul}- gyttja (sapropelic black mud) -with fine sandy 
clay intercalatioxis (jVLx.TrHES, 1968). The shale is composed of 25 per cent organic 
material, 35 per cent inorganic material and 40 per cent water (MATTKES, 1968); the 
inorganic portion is mainly montmorillonite, and most of the organic carbon is 
present as kcrogen. 

IVcvious studies of the soluble fraction have identified isoarboiinol (4a) 
(ALBRECHT and OvRissOR, 1909), arboi-inone (4b) and friedclin (5), a series of 
4a-mothylstanols (2a) and 4a-racthylstanones (2b), and very small quantities of 
phytosterols (6a,b,c) (JIATTEBR et al, 1970). Preliminary analysis of the hydro­
carbons (AXBBECHT, 1909) indicated the absence of arborane, arboreue and squaiene; 
7»-alkancs in the range Ji-Cj, to n-Cgj (C.P.I. > 6) are present, the main component 
being 73-C27. The lower molecular weight region of the branched and cyclic alkane 
fraction contains mainly isoprcnoid alkaiics with carbon numbers Cgs (famesanc), 
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2aR,-0H, Ra-H.CHj.CaHa 
bR,-0,Ra-H,CH3.C^a 
e R,- H,Ra-H.CH3,C;^a 

eoR-.CHg 
bR-CjHa 
c R- C^Ha and A-22 

8a R-/50CaHT 
b R-CjjHa 

3a R>H 
b R- CaHa 
e R'/soC^j 

d R>«#cC4Ha 
e R-«t C3H,, 

7a R- /50CaHr 
b R-CgHa 

o?r 
Cxet Cjs, Cji (prlstane) and Cxo (phytane), in the relative abundances Cie > Cxg > 
CxB > CxB > Cxs (ALBBECHT, 1069). Three types of aromatic hydrocarbons were 
isolated and mass spectcometric data indicated components of the formulae C35H34 
(7a), CjxH,, (7b), Cx,H,a (8a), OjjHjg (Sb) and CgsHax (9), compatible Twth the pro­
posed structures indicated. The present study describes a detailed examination of 
the high molecular -weight terpenoid components of the alkane and alkene fractions. 
A preliminary report of part of tliis work has appeared elsewhere (ExsinxcEB et al:, 
1972). 

EXPBEIMEKTAL 
The authentic stnndanls used were; lycopane from catalytic hydrogcnation of I}-copens 

(Hoffroann Ln Rocho} in ethyl acctnto over pallndiiun/oharcoal; la-, 2a-, Sfi- and 4a.methyl. 
eholestanos (ICuniLS et al., in press); hopane, ITaH-hopanc, inoretane, 17aH-moretano from 
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Prof. n. E. Corbetb; 22,29,SO-trisnorhopane, 30-norhopaae, homohopano and 17aH analogues 
(EKSMIKOER et al., 1974); ^olestnno; stiginaatane from Dr. ItV. MoCroe. 

Oa»-ltguid eliromalograjAy (QLC) 
OLC vras initially corriod out using a 10 ft stainless steel packed column (3 per cent 

OV-l? on 100-120 mesh Chromosorb W; 270"C: nitrogen carrier gas, 10-12 ml/min), and a 
Ferkin-Ebner Mark 1F-11 gas chromatograph (injector block 290-310''C}. 

Preparative GLC conditions for lycopane were:—column 10 ft X ^ in., 3 per cent SE 30 on 
80-100 mesh Gas Chrom Q, 60 ml/min Ar, programmed £ram 150-300°G: effluent trapped in 
liquid nitrogen. Capillary GLC was canied out on three stainless steel open tubular capillary 
columns as follows:— 

(i) 75 ft X 0-01 in. i.d. column coated with OV^lOl in aPerkin-Elmer 226 gsa ohromatograph 
incorporating a pra-eolumn carrier gss splitter. Carrier gas (He) flow rate was 2 or 3 
rrd/min; the injector block was maintained at 300"C and the column was operated 
isothermally at 260°C. Column efficiencies were calculated to be 26,000, 20,000 and 
15,000 theoretical plates for n-Caa* n-Cta n-Cjt standard alkanes, req>ectivoly. 

(ii) 160 ft X 0-01 in. i.d. column coated with Dexsil 300 (Perkin-Elmer Ltd.) wasused in a 
Perkin-Elmer Mark ZI F-11 gas chromatograph. The flow rate (He) was 3 ml/min; 
the injector block was maintained at 320°C, and the column was operated isothermally 
at 2S0°C. Column efficiency was calculated to be 69,000 theoretical plates for 5s-
cholestane. 

(iii) 100 ft X 0*01 in. i.d. column coated with OY-101 (Perkin-Elmer Ltd.) was used as 
described in (ii), except for isothermal operation at 250'C. Column efficiency was 
calculated to be 26,000 theoretical plates for 6a-oholGstane. . 

Combined gaa ehromtUography-maaa apaetrometry [OC-JitS) 
Moss spectra were obtained using a Yaiian Aerograph 1200 gas chromatograph coupled by an 

all-glass single-stage Watson-Biemann He separator to a Ycuian MAT CH-7 single focussing mass 
spectrometer. The accelerating potential waa 70 eY, the filament current 100 or 300 pA, and the 
instrument resolution 800-1000. The gas chromatograph waa used initially with the packed 
column described above and subsequently with the capillary columns described in (ii) and (iii) 
above. Under these conditions the efficiency of column (ii) was co. 65,000 theoretic^ plates for 
6a-cho1estane. 

Isolation and analysis.o/ braruhed and eycKo alkanes and alkenea 
Analyses of the alkanes were carried out on two different solvent extracts of the shale. 
(i) Extract I was obtained using a mixture of light petroleum (b.p. 60-80°C) and ethyl 

acetate (4:1) and the total hy^carbons (0-25 per cent of 1 kg of dry rock) were isolat^ 
by column chromatography (SiOf/light petroleum, b.p. 60-80"C). Additional column 
chromatography (SiOg/light petroleum) and thin layer chromatography using siliea gel 
impregnated with 10 per cent A^O, (Ag**—TLC) gave the total alkanes (226 ppm). 
Treatment of the total alkanes with 6 A molecular sieve (O'COHKOB et ah, 1962), and 
urea adduction (Cooe, 1971) gave the total branched and cyclic alkanes (66 ppm) which 
were re-purified by Ag^—TLC (hexano) and further simplified by thiourea adduction 
(MUXTHV St al., 1067). The rcsulUng adduot and non-odduct fractions were aimlysed 
by packed column and capillary column (i) GLC and packed column (3C-MS. 

(ii) Extract II ivas obtoinod using iqrclohoxane; ^omental sulphur was removed by the 
method of BniTaiEB (1967). The sulphur-free extract (0-2 per cent of 1-6 kg of rook) was 
chromatographed (neutral alumina column/hoxane) to give the total hydrocarbons 
(0-04 per cent) from which the branched and cyclic hydrocarbons were isolated on 
adduction of the straight chain components with urea. The alkanes (ca. 20 ppm) and 
alkencs (ca. 270 ppm) were separated by Ag**—TLC (hexano de\'eloper). 

An aliquot of the branched and cyclic alkenos from Extract II was hydrogenatod (PtOg/O 
EtOAc/atmosphorie prassuro of Hg) and the resulting alkanes were isolated by Ag+—^TLC. 
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Tho alLumo and alkene fractions obtained (Extract II) were analysed by capillary colunm 
[described under (ii) and (iii) above] GLC and by packed column and capillary GC-MS (columns 
ii and iii). 

B£sirx.Ts 
Identifications ivere Lased on high resolution gas olux>matography- on Deacsil 300 

and OV-lOl by coinjection Avith authentic standards and comparison of mass spectra 
\dth those of the standards. This method is similar to that used by HE2rD£BS0ir 
el ah (lOGSa, b) for the identification of steranes and triteipanes in the Green Bivcr 
Formation oil shale. The chromatogram of the urea alkane non-adduct (Extract II) 
on Dexsil 300 is sho\m (Fig. 1), the peak numbers corresponding to the components 
summarized in Table 1. 

Mcssei 

Time, mln 

Fig. 1. Capillary gas chromatogram of Messd branched and cyclic alkanos 
(Extract II, urea non-adduct) on Dexsil 300 (isothermal 280^0). 

Lycopane {perhydrdycopene, 1) 
The mass spectrum (Fig. 2a) of the main component in the thiourea adduct 

fraction of Extract I (also peak 18 in Fig. 1) indicated an acyclic aUcane U'ith exten­
sive branching. Detailed information could not be obtained from the GC-IVIS 
spectrum of the region above m/e 480 as tlie ions Avere of particularly IOAV intensity. 
The GC-MS spectrum (Fig. 2b) of an authentic sample of lycopanc from catalytic 
hydrogenation of lycopene strildngly resembled that of the Mcsscl component but 
again it Avas not possible to determine the molecular ion exactly. More intense 
spectra of this region (incorporated into Fip. 2a, b) Acere obtained by direct insertion 
mass spectrometry (pcrfluorokerosenc marker) of the Mcssei component isolated by 
preparative GLC and of authentic lycopane. 

Further proof of identity was obtained by capillary column GLC. Coinjection of 
authentic lycopane (l;Kovats indices: 3471 on Dexsil 300, 3300 on OV-101) with 
the thiourea adduct fraction of Extract I and with the total branched and cyclic 
alkanes from Extract II (Fig. 1), produced peak enhancement. The similarities in 
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Table 1. Polyteipenoid branched and cyclic alkanes identified in hiessel oil shale by capillary 
GC-MS 

(Peak nuinbera refer to Fig. 1) 

Peak Formula Assignment Structure 

1 CsT^B 6/1-ChoIestane 10a; SfiS 
2 PlA. (%olostano 10a 
3 PBS^SO 4-Methyl-6/}.cholestane 2c: 6/iH; B, a. H 
4 CSSHM 4-Methylcholestane 2e; B, — H 
6 I7aH-trianorhopane 3a; 17aH 
6 CsAs Ttisnorhopane 3a 
7 0„H„ 4-hIethyl^ostane 2o; B, » CH, 
8 Stigmas tane lOo 
9 CssHw 17aH.Norhopane 3b; 17aH 

10 d-Methylstigmastane 2o; Bj - C,H, 
11 CssHjj 30-Normoretane 3b; B - 21aH 
12 17aH.Hopane 3c; 17aH' 
18 Pentaqydia triterpene 
14 Norhopane 3b 
16 C«H„ 17aH-Hoiaohopane 8d; 17aH 
IC CnH« Pentacycllc triteipane 
17 Ca,H„ Eopane 3o 

• 18 C„H„ Lycopane 1 
19 CsiHjj Homohopana 3d 
20 PnHj, Bishomohbpane 3e 

the GC-]^1S speotrum of peak 18 (Fig. 1) and in the direct insertion spectra of authen­
tic Ijcopane and the preparative GLC sample M'hich included the shoxilder on peak 
IS,suggest that the shoulder may be a compound similar to lycopane; indeed, its 
presence could indicate separation of diastoreoisomers of lycopane. 

In both spectra (Fig. 2) tho ion at m/o 560 could represent the molecular'ion for 
a mono-unsaturated or monocyclic alkane impurity of formula CMH,,. However, 
this is unlilmly because neither spectrum contoius fragment ions (e.g. h£-I5 and 
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m/o 
Fig. 2. hiass spectra from capillary GC-MS on Doxail 300 of (a) Messol component 

18 in Fig. 1 and (b) authentic lycopane (CMHU, 1), respectively. 
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C„H2„_I) expected from a monoo3'clic carotenoid alkane such as pcrlij'dro-y-carotene. 
Also, broaunation of authentic lycopane follo\red by Ag+-TLC puiilication failed to 
produce any change in the spectrum. The M-2 ion at m/e 560 therefore appears to 
be a genuine fragment ion, as do those at m/e 252,308, 336,406 and 476, of the CQH,, 
series. 

Iltthyl^eranM and steranM {Table 1) 
The spectra of four oyoloalkanes (CsgHto, GuHgoi GMHS, and GSOHM) present in 

the thiorea adduct (Extract I) and in the urea non-adduct (Extract II, Peaks 3, 4, 7 
and 10, Pig. 1) showed fragmentation patterns analogous to those of the authentic 
sterane series cholestane (GgyHg,, 10a), ergostane (Gta5so> lOb) and stigmostane 
(GggHu. lOc) (HEKDSBSOK et al., 190Sa, b; ANSEBSOX et al., 1969). The major 
features of the seven spectra are summarized in Table 2. Thus, for the Messel 

Table 2. Straeturally signifioant ions in the mass spectra of four Mrael oO shale alkanes and 
those of authentio (Atrositsosr et oi., 1969) cholestane, ergostnne and stigmastane 

BMIC no. M- >1. 
(Rg.I) Eormolo Aasignmaat Strueturo SigniScant ioiu 124 IS M 

S c,A. 4.MalhyI.S^.cholHtan» So:5^HiB,»H 163/ 
165 217 231 332 246 203 371 338 

4 4-2bth]rloholMtaao 3o;B,«K 163 217 231 232 246 302 371 386 
7 C..H„ 4.Methylargoitano SesB.aCH, 163 217 231 232 240 276 38S 400 

10 4-Methybtigniutano SeiB,-.CaH, 163 317 231 232 246 290 390 414 

M- U. 
110 16 M 

'CholMtuw 10a 149 203 217 218 232 262 357 372 
— C..K.. Ergostano 10b 149 203 217 218 232 276 371 380 
— C„H„ StigRIMtUlO lOo 149 203 217 218 282 290 385 400 

components the ions from ring D fragmentation occur at m/e 231 and 232 (cf. m/e 217 
and 218 for the GgT-Ggg steranes) and the fragment ions at m/e 163,217 and 246 have 
similar relative intensities to the ions at m/e 149, 203 and 232, respectively, in the 
Csj-Ggi steranes whose spectra have been previously reported in detail (HEXSEBSOX 
et al., 1968a, b; AXSEBSOX et al., 1969). These features indicate that the Messel 
components arc methyl-substituted analogues of cholestane, ergostane and stig­
mastane, the position of substitution being limited to one of the carbon atoms 
1,2,3,4, 6 and 19 (Toxis et al., 1968). An authentic sample (ICUIBLE et al., in press) 
of 4a-methylcholestane (2c, B, => H) gave the expected spectrum and enhanced 
peak 4 (Fig. 1) when coinjectcd on Dexsil 300. Synthetic samples of la-methyl-, 
2a-methyl-, 3/9-methyl-,' and 4a-methylcholestane which have similar mass spectra 
were all separable by capillary column GLG on Dexsil 300 (EDIBLE el al., in press). 
The evidence suggests that peaks 3, 7 and 10 (Fig. 1) are also 4-mcth3-lsteranes. 
Gomparison of the intensities of the ions at m/e 163 and 105 in the spectrum of 
peak 3 with those in the spectrum of the assigned d-methjdcholestane suggest that 
peak 3 is the sp analogue of 4-meth3'lcholestane, the relative intensities of the two 
ions paralleling those of the ions at m/e 140 and 151 in the spectra of cholestane and 
5/i-cholestane (OALLEOOS, 1971). Peaks 1, 2 and 8 were assigned iu.tho usual way 
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as 5^-cliole3taiio (10a; Sflll), cholestanc (10a) and stigmastane (10c) respectively, by, 
comparison authentic standards. 

•lOaR-H 
bR-crfs 

oSf* 
(M) 

The stereochemistry of the C-4 methyl group remains unproven, as the 4a-and 
4/?-isomers may not be distingaishable under the 6LC conditions used. Considera­
tions of sterol biosyntheus and the relatave abundance of the 4a-mcthylsterols 
compared to 4)7-methyl8terol8 in organisms (BEES and Goonwiir, 1072, and refer­
ences therein), together Avith the inherent stability of the 4a-isomers vrith respect to 
the 4^-methyl'compounds (FEEEK, 1969), suggest that these geological methyl 
steranes are probably the 4a-methyl series. 

Triterpanes* {Table I) 

Tho spectra of the major higher molecular weight components (listed in Tables 
1 and 3) in the thiourea non-adduct fraction of Extract I all showed a very intense 
ion at m/e 191, typically found in pentacyclie triterpanes with two adjacent quater­
nary carbon atoms at C-S and C-14 [for example, structures (3a-e)] or at C-S and C-13 
(KLMSLE et ai., in press). The molecular formulae (Table 3) range from €271141 to 
CsaHsa '^'ith the notable absence of CtgHt,; this range is related to the nature of the 
E ring substituent B which is also reflected in the masses of the mtcnse ions at m/e 
149, 177, 191; 205 and 219 (3ar^»). 

* In tho present context, 'tritorpane' is used to imply the saturated hydrocarbons pre­
sumably derived from tritcrpenoids, and to include their proximate higher (C,x, C33 ...) and 
lower (C22. C2H' ^2?) homologucs. 
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Table 3. Cgf-C,, pcntaoyclic trltoipancs in the Messol and Gnscn Rivor Shales 

Formula Alcssel triUiipancs Green River tritcipanos* 

C37H« Trianorhopane (3a, ca. 3-5%)t 
17aH-Trisnorhopano (3a, 17«H, <1%) 

CggTtTgg (trace) 

^88^8 n.d. 
> 

Cgglfgg (trace) 

Cg,H„ Norhopano (3b, ca. 3-6%) 
17aH-NorliopanQ (3b, 17aU, <1%) 
Isoadiantane (3b, 21o(H, <I%) 

17aH-norhopane (3b, 17aH, ca. 2%) 

p80^81 Hopano (3c, oa. 2%) 
17aH-Hopcne (3o, 17aH, <1%) 

I7aH-hopane (3o, 17aH, ca. 0%t) 
gammncerane (14, ca. 3%) 
C3gHgg(ca.4%) 
CE,H„«1%) 

^31^88 Homohopana (3d, ca. 7%) 
17aH-Homohopana (3d, 17aH, <1%) 
C33H3g (Hopano/Iupane type <1%) 

17aH-hemoliopaae (3d, 17aH, <1%) 
C8iHsg«l%) 

C„H„ Bishomohopane 3o (<1%) C„H„ «1%) 

* Taken from data of BCXLISICAMIS et al. (1903); Hiixs et al. (1906); BjEKDERSOK et aL 
(1903a, b); GAUCSOOS (1971); AIWEKS and BOBIKSOK (1971); BALOCK el al. (1973); VAST 
DonssELAEH et al. (in press). 

t % of branehod cyclic alkane fraction. 
i Previously tentatively identified as hopane by HESSESSOK et al. (196Sb); sho^vn to bo 

17a(H) isomer by WHITEHEAD (1971) and BALOCH et aZ. (1973). 
n.d. not detected. 

The major C31 triterpane (Fig. 1, peak 19) was identified (EI^SIUIXOEB et al., 1972) 
as oTte of the two C-22 stereoisomers of horaohopane (3d, R sce-C4H,). Tn the 
present study the following authontio standards wore coinjected with the branched 
and cyclic allcano fraction (Extract II, Fig. 1) on both Dexsil 300 and OV-101 
phases: 22,29,30-trisnorhopanc (3a); 30-norhopane (adiantane, 3b); hopane (3o); 
22,29,30-tiisnor-17aH-hopane (3a, 17«H); 30-nor-17aU-hopane (3b, 17aH); 17aH-
hopane (3c); 17aH-homohopane (3d; 17aH); and 30-normoretane (isoadiantaue 
3b, 21aH). The resulting peak enhancements and the comparison of the capillary 
GC~MS mass spectra (Dexsil 300 and OV-101) of the standards with those of the 
Messel components (Fig. 3), allowed identification of components C, 14 and 17 (Fig. 1) 
as the Cg7, Cg, and C30 members of the hopane series (3a-c, respectively), components 
6, 0,12 and 15 as the Cg,, Cgg, C30 and 033 members of the 17aH-hopanc series (3ar-d, 
17aH, respectively). Similarly, component 11 (Fig. 1) was identified as 30-nor-
moretano. The assignments are summarized in Table 1. Coinjection udth authentic 
moretane (3o, 21 aH), 17aH-moretane (3o, 21 aH, 17aH) and arborane (cyeloallcane 
from 4) showed that these compounds were cither absent or present in very low 
abundances. 

The Messel triterpanes, thci-efore, appear to form two related series, each series 
characterized by the stereochemistry at the D-E ring junction (i.e. carbon atom 17) 
and based on variations (II, C3H3, etc.) of the substituent R in the E ring. Since the 
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149 
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370 
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'jVi'l'l'I'I'I'I'i'l'I'I'I'I'Jl'I'l 
ZOO 300 ^ • Fis> 3. Mass spectra from capillary GC-MS on Dessil 300 of Mcssel component 

6 in Fig. 1 and authentio 22, 20, 30-trisnorhopane (3a). 

more abundant series by far is tho hopane series (3a-d), it is inferred that the only 
C33 triterpane present, component 20 (Fig. 1, Table 1), is the Cn member of this 
series. Comparison of tho mass spectrum of tliis component mth those of the lower 
members of the hopane series is also in agreement with this assignment. Component 
13 (Fig. 1) appears to be an unsaturated pentacyclic tritcrpene hydrocarbon, CioHu 
(Table 1), with a spectrum corresponding to that of hopane (3) or lupane (ll)-types 
of skeleton, i.e. a 5-membcred E-ring; its presence in the branched/eyclio allcano 
faction indicates that the double bond is in a hindered position. Component 16, the 
tliird pentacyclic triterpane, also appears to be related to tho hopane (3) or 
lupano (11) skeletons but its spectrum d^ers from that of homohopane (3d) and 
ITttll-homohopane (3d, 17aH) in the relative abundances of tho ions at m/e 191 
and 205. 

JSraiichetl and cyclic alhenes 
Preliminary information was obtained by catalytic hydrogcnation of an aliquot 

followed by preparative Ag+-TLC. An unsaturated fraction was obtained from the 
X>roclncts and was dominated b}' a single component in the higher molecular weight 
region. The mass spectrum indicated a molecular formula CjoHjo, and was similar 
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M«$sel 
hop-l7(2l}-ene 

Time, min 

Fig. 4. CapiUaiy gas chromatogram of Messel branched and cyclic alkcnes 
(Extract II, nxea non-adduct) on Dexsil 300 (isotbeimol 280"C). 

to that obtained £rom an authentic sample of hop-17(21)-ene [3c. Al7(21)]. This 
identification ^ras confirmed by coinjection on both phases; furthermore, direct 
analysis of the branched and cyclic alkene fraction by GC-MS and GLC coinjection 
shoATcd that the main component in Eig. 4 ivas hop-17(21)-ene, present intact in the 
shale. This component has a different mass spectrum from that of peak 13 in the 
branched/cyclic alkane fraction (Eig. 1, Table 1) which appears to be another hopene 
from its mass spectrum with a h^dered double bond, since it is present in the 
alkanes after Ag-h-TLC. 

A fraction, corresponding to alkanes in Ag+-TLC J?/, was also isolated from the 
hydrogenation products. GLC of this fraction indicated four main components. The 
mass ^ectrum of the least volatile of these strongly resembled that obtained from 
authentic lycopane (Eig. 2), which produced peak enhancement on both phases. The 
identification of lycopane in this fraction indicates that one or more unsaturated 
compounds having the same carbon skeleton ore present in the sediment. 

DISCUSSZON 
Lycopane 

The identification of lycopane (1) is the first reported occurrence in a geological 
material, although the structurally-related C„ compoimd squalane (12) has been 
identified in a Nigerian crude oil (GAitninEB and WZIIT£EEAI>, 1972). The hicydio 
tefraterpane perhydro-/3-carotene (13) has been identified in the Green Hiver Eorma-
tion oil shale (Mintsnv et al., 1967), and mass spectral data have also indicated the 
presence of another O^oH,, component, components of molecular formulae to 
CtoH^o (G.UJ.EQOS, 1971) and a monocyclic CWHM allcane (A2n)KRS and Roziiiisoiir, 
1971). Similar data obtained from hydrocarbon samples isolated from several deep 
sea (JOIDES) cores indicated compounds, including one of formula G4oH7«. 
(SiMON£iT and BcrRLiKG.ui£, 1971). 

Analysis of another deep sea (JOIDES) core (HAZII: and IIOERIXO, 1972) indicated 
the presence of an acyclic C40 monohj'droxy compoimd, apparently having the 
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ljios}'ntUetically-iiitcresting hcad-to-Jicai coupling of two regular C-o units. 
The presence of tetratcrpanes in the Messcl and Green Bivcr Formation oil shales 

indicates firstly a significant contribution of carotenoids to the original sediments, 
and secondly that conditions in these sediments permitted the reduction of carbon-
carbon double bonds and the preservation of carotenoid carbon skeletons. 

In contrast to the algal origin proposed for much of the organic matter in the 
Green Bivcr Formation oil shale (BBASLPEV, 1970), the explanation of significant 
quantities of lycopone and the apparent absence of perhydro-/?-carotene in the 
Messel shale is less obvious. Ai^dio carotenoids have so far only been found as 
major carotenoids in photosynthetio bacteria (GOODWIN, 1965, 1966, 1970; JSNSEN, 
1963, 1967; WDEDON, 1965) and the distribution of cyclic and acydio structures 
within the families indicates that non-sulphur purple bacteria (anaerobio hetcro-
trophs fotmd in soils, stagnant ponds, etc.; VaK NIBL, 1963) are likely to be the 
main producers of acyclic carotenoids to the exclusion of tlieir cyclic analogues. 
Methylsteranea 

The series of 4-inethybteranes is of particular significance in view of the co­
occurrence of their corresponding saturated 3-ketones and 3-alcohols (MaTTSBN et al., 
1970) and because cycloallcanes having these carbon skeletons have not so far been 
reported to occur in other geological materials. 

4-]lIonomethyl8terols having Cjai On or C30 carbon skeletons exist as minor sterol 
components in a variety of plants but relatively large amounts of unsaturated 
3-hydroxy derivatives of 4a-methyIcholestane have been reported in the bacterium 
Methylococcus capsulahis (BISD et al., 1971a, b). 

The identification of 4-methyl8tcrane8 and their derivatives in a geological 
material is of interest^ as the occurrence of large amounts of 4-methyl compounds 
relative to 4-desmethyl compounds contrasts with the relative abundances in present-
day plant species. This may be explained by supposing that the original Messel flora 
was dominated by spedes synthesizing predominantly the 4-methyl structures, or 

•that the 4-methyl compounds have survived diagenesis better than the 4-dosmethyl-
sterols, or that the common 4-desmethyl-phytcsterol3 were initially incorporated 
into tiie sediment and were 'subsequently metiiylated at the 4-pcsition. The estab­
lished intermediaoy of 4-methyIstcro1s in the biosyntlicsis of 4-desmcthyl-phyto-
stcrcls (REDS and GOODWIN, 1972, and references therein) supports the first 
explanation and further studies may identify other bacterial species that produce 
predominantly 4-methylstcrol8. 

The co-occurrence of these skeletal types as alkanes, ketones and alcohols 
indicates that the diagenetic and/or maturation processes involved redox reactions 
producing ketones and hydrocarbons from biologically-occuning alcohols. 

• Triterpanes 
The most abundant triterpanes present comprise a series (3a-e) based on the 

hopano ring structure. The presence of isoarbcrinol (4a) and arborincne (4b) as 
major constituents of the Messel shale, taken with the absence of the corresponding 
cycloalkane, arborane, in the hydrocarbon fraction, suggests that the geological 
hopane-typo hydrocarbons dmive from 3-desoxy-trltci*pancs ^vith the same skeleton, 
rather than from 3-oxygennted precursors. Such 3-dcsoxycarbon skeletons occur in 
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ferns (BEKTZ and EOTTAKI, 196S; BOTTASI et al., 1972). Also, recent studies have 
shonm that hopane (3o), hop-22(29)-ene (3c, B-tso CaHe) and hop-17(21)-ene [3c, 
A17(21)] are present in the bactei'Iuoi Bacilhu acidocaldariua, along -with t-\ro minor 
components ascribed to a Cai hopane-type alkane and alkene, respectively (DE ROSA 
ct al., 1071, 1973); hop-22(29)-eno has also been isolated from the bacterium 
MetJiyloeoccna cc^atUatus and other prolcaryotes (Bnm e< al., 1971a, b). Re-examina­
tion of the mass spectrum of a polycyclic hydrocarbon isolated irom each of three 
species of blue-green algae, Lyngbya aeslumrii, Nostoc sp., and Chroococeus turgidua 
{GELEI et al., 1070) suggests that this compound is probably also hop-22(29)-ene. 

The second, minor triterpane series (3a-d, 17aH) present in the Messel shale has 
the iToH stereochemistry; at present there is no report of the occurrence in living 
organisms of any compound with a carbon skeleton of this type. 

Extended (>C3o) and degraded (<C3o) pentacyclic triterpanes have been detected 
by mass spectrometry in a variety of geological materials: oil shales (HEKSEBSOK 
et al., 1968a, b; BOUOLAS e< al., 1069; GALLEGOS, 1971; WSZOLEE ci al., 1971; 
AmtEBS and ROEXKSOIT, 1971; Axroro et al., 1971; VAST DOBSSEIIAER et al., in press), 
coal and lignite (MAXWELL, 1967; VAST DOBSSELAER et al., in press, and crude oil 
(DjiKjELiietcd., 1968; HELLS ef al., 1970; WHETEHEAI), 1971; VAE DOESSELAES 
et al., in press). 

Such triterpane carbon skeletons may be considered to be of essentially a geo-
chemical origin, i.e. formed by the alteration of C30 biolipids by the physical and 
chemical effects of the geological environment, a biogeochemical origin, i.e. formed 
by the action of organisms in the forming sediment, or a biochemical origin, i.e. 
formed by organisms before sedimentation. 
(i) Geochemical origin of triterpanes. The formation of degraded triterpanes con­
taining 27 and 29, but not 28, carbon atoms from a C30 precursor, is a problem similar 
to that of the formation of Ci„ Cis and C13, but not the Cj„ isoprenoid alkanes from 
a C30 precursor. The Cag compound (cf. the 0„ isoprenoid) can only be derived by 
cleavage of two 0—C bonds located at the same carbon atom; only single carbon-
carbon bond cleavages would bo required for the formation of the C„ (cf. the Cxg 
isoprenoid) and the C,g (cf. the Cig isoprenoid) structures. Participation of the 
insoluble organic kerogen matrix in the formation of these triterpanes has been 
proposed (AJWIXO et al., 1971). However, the subsequent identification (EXSMIEGER 
et al., 1972) of only one of the two C-22 stereoisomers of the C31 triterpane homo-
hoparu) in the Messel shale is inconsistent \nth the particular route proposed by 
ABPIEO e< al. (1971). In addition, the occurrence of homohopane (3d) and other 
alkylated and deolkylated hopane-type hydrocarbons in recently-deposited lacustrine 
sediments (GRAITWELL, 1973; EGLDITOK et ah, in press) indicates that such compounds 
can be formed at the very earliest stages of diagenesis, although it is not yet certain 
that the compoimds in these sediments are not derived from older geological mate-
ials. However, if they are syngenetio with the contemporary sediments in which 
they occur, then it appears that thermal cracking (carbon-carbon bond cleavage) of 
the kerogen matrix is not a necessary prerequisite for their formation. 

(ii) Biogeoche7nicallbiochemical origin of triterpanea. Several related possibilities 
exist:— 

(a) The alkylated, degraded and C30 triterpane skeletons were produced by species 
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of the original Messel biota wliicli were capable of S3aithesizing these skeletons 
directly (biogenesis), presumably from squalcne or squalene epoxide followed 
by tho gain or loss of carbon atoms. The occurrence of a C31 hopano-type 
alkeno and alkono in a bacterium (DS BOS A el al., 1971, 1973) indicates that 
a biosynthetdo pathway exists in microorganisms for the formation of the C^x 
skeleton and its saturation. 

(b) The triterpenoids originally deposited in the sediment were of the types found 
in present-day organisms (the C30 hopone and Oi, adiantane skeletons) and 
carbon atoms were subsequently added and removed by microorganisms 
during early-stage diagenesis (bioalteration). 

In cases (a) and (b), the additional carbon atoms would presumably be supplied 
by methionine. Meoh^sms paralleling those involved in the biosynthesis of the 
0-24 alkylated sterols (LEBEBSB, 1969) can bo envisaged which would be expected 
to form the observed single Cxs stereoisomer (R or S; ESISMIXOEB el al., 1972) of the 
C31 homohopane bearing a sec-butyl (1-methylpropyl) substitucnt. 

Parallels for the ^edfio removal of carbon atoms to form the 0x7 8^d Cig, but 
not tlie Oga. pentacylic structures axe less obvious. The biosynthetic route for the 
formation of adiantane (Og,) derivatives in plants is not known, but the loss of 
carbon atoms from the 0-4 and 0-14 positions in sterols and certain tetracyclic 
triterpenoids proceeds by the sequential oxidation of a methyl group to a carboxyl 
group followed by decarboxylation (Gk>AZ>, 1969). Similar decarboxylation of a 
hopane skeleton would imply the stepwise removal of carbon atoms, which does nob 
preclude formation of a Cgg carbon dreleton. It appears, therefore, that, if route (b) 
is the one involved, the mechanism involved must be sensitive to the precise branched 
structuro of the isopropyl side chain and specific reactive sites in the form of 
functional groups must be available at the 22-29 (Cgg structure) and '21-22 (Cgj 
structure) bonds. Both the biologically-occurring triterpenoids 22-hydroxyhopane 
and hop-22(29)-ene could provide such sites, the former by dehydration [to hop-
22(29)-ene and hop-21(22)-ene] and the latter by reacting directly and by double 
bond isomezization to hop-21(22)-ene (which occurs very readily in the laboratory 
with mild acids). 

(0) The triterpanes could be the degradation products of a biologically-produced 
Ogg pcntacydic isoprenoid CWurrEHEAS, 1972). For example, the major 
Messel triterpane, homohopane (3d) could have arisen irom decarboxylation 
of one of the C-22 stereoisomers of the homologous Cgg acid (3d, B a 
CaHgCOxH), itself formed by degradation of a pcntacydic Cgg compoimd 
£BS31XKGBB el al., in press). Possible precursor compounds have recently been 
isolated from a bacterium (FOBSTEB et al., 1973). 

Our present data do not allow distinction between possibilities (a), (b) and (c) 
but the evidence available points towards the involvement of microorganisms in 
the formulation of the extended and degraded hopanes in the Messd shale. 

Tho origin of the 17aH-configuration in the minor Messel triterpane series (3a-d, 
17aH) is also of interest because no carbon skeletons of this type hove been found 
in living organisms. EKSUHTOEB et al. (in press) have provided evidence that the ratio 
of the 17aH alkane to the 17^H alkane in geological samples provides an indication 
of the extent of maturation. Thus, mature sediments and crude oils are characterized 
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by a high abundance of the more stable 17aH alkanes relative to the 17^H alkanes, 
possibly-as a result of epimexization of the 17^H alkanes. This may not bo the 
situation ^vith respect to all samples, ho^rcver, because abundant hopanes with the 
17aH configuration appear to be present in several recently-deposited lacustrine 
sediments (EOUNTOIT et ai.. In press), suggesting that the 17aH configuration can be 
formed in some samples at the earliest stages of diagenesis, although their syngenetio 
origin with these contemporary sediments is not yet fully proved. 

COKCLUSIOITS 

The carbon skeletons of the tri-and tetraterpenoid alkanes of the Messel shale 
provide an interesting comparison with those of the well-studied Green Biver 
Formation shale; the shales are of similar age {<^50 x 10'yr) but the Messel 
appears to have experienced milder thermal conditions ("w 40''C, cf. 90-I25"0 for the 
Green l^ver shale—BBASLEY, 1970). Both shales are derived from shallow lacustrine 
paleoenvironments with sub-tropical dimates, but the Green Biver Formation was 
deposited by an extenrive lake, contrasting with the much smaller area of the Messel 
environment which comprised a series of small swamp-lakes linked by slow-moving 
fluvial systems. The biological input to the Green Biver Formation shale is thought 
to have been mainly algae (Xanthophyceae, diloropyceae, Cyanophyeeae) together 
-with water-borne or -wind-blown pollens and spores (BnAntSY, 1970). Available 
data for the Messel shale (SITTLEB, 1968; SCEULEB, 1971) show that pollens from 
Fteridophyta, Myricaceae, Fagaceae (Castaneoideae) and Cupressaceae predominated 
in the paleoenvironment. 

The alkane:alkene ratios of the two shales (ca. 2:1 and 1:4 for Green Biver and 
Messel, respectively) may reflect the milder diagenetic/maturation history of the 
Messel shale. Tri- and tetraterpenoid alkanes are present in high relative abundance 
in both shales; however, the only major Messd tetraterpane is the acyclic lycopane 
(ca. 3'5 per cent of branched and cyclic alkanes), whereas the bicyclio perhydro-/!-
carotene (ca. 16 per cent of branched and cyclic alkanes) is the major tetraterpane 
of the Green Biver sHale. The major Messel steranes axe the 4-methyl compounds 
which are less abundant than the triterpanes present, whereas those of the Green 
Biver are the 4-desmethyl analogues which are more abundant than the 
triterpanes (BuBUNaAME et aZ., 1965; HILLS et al., 1966; HEKDEBSOE et al., 
1968a, b; ABSERSOE et al, 1969; GALLEGOS, 1971; ABDEBS and BOBIBSOB, 1971). 
These carbon skeleton differences are also evideiit in the corresponding stanol 
fractions (I^IATTEBB et al, 1970; STEEL and HEBDEBSOB, 1972). 

Differences are also apparent in the pentacyclic triterpane fractions when the 
Messel components are compared with ^e triterpanes of the Green Biver shale 
isolated by several investigators (Table 3). It is diificult to compare the data from 
several investigators Avho have used different teclmiques to study the Green Biver 
shalo triterpanes, but the comparison in Table 3 appears to be valid because of the 
overall similarities in the different gas chromatographic distributions. An abundant 
Green Biver component is gammacerane (14) but no pentacyclic triterpanes with all 
six-membcred rings could be detected in ^e Messel shale. The most abundant 
Messel triterpanes are the hopane series (3a-c), \rith the 17ttH series (3ar-d) present 

• in lower concentrations. In the Green Biver shalo the 17aH compounds (3b-d) 
predominate. 
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. Taken togetlicr« tho differences in tetraterpane, sterane and triterpane skeletons 
in the two sediments must reflect differences in the organisms contributing the 
precursor polyterpcnoids, and therefore differences in the paleocuvironments. This 
also suggests that identification of the completo suites of the structurally-specifio 
alkanes in a range of sediments may pronde a chemical method of classification and 
oharacterization of paleoenvironments. 4-Methyl8terols, acyclio carotenes and 
hopane-type triterpenoid hydrocarbons are abundant components of certain 
prokaryotio organisms, and identical or structurally-related compounds are found in 
the Messel shale suggesting a significant microbial contribution to the sediment. The 
hopane-type skeletons may also be derived in part from the hydrocarbons of 
Fteridophytes (form). These may be inferred to be one of the predominant species 
in the Messel paleoen^ronment from the available data on fossil plants and pollens 
(SixTLEB, 1968; SCHULSB, 1971), and such compounds are relatively abundant in 
present-day Fteridophytes. 

The reversal of the hopane: 17aH-hopane triterpane abundances in the two 
sediments may also reflect the milder diagenetie/maturation history of the Messel 
shale, as suggested by EKSMIKGEB et al. (in press). 
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